Introduction
Actinobacillus pleuropneumoniae (APP) is the causative agent of porcine contagious pleuropneumonia (PCP), a severe respiratory disease that has caused serious economic losses in the swine industry worldwide [1] [2] [3] [4] . To date, 18 serotypes have been identified depending on the antigenic properties of capsular polysaccharides and lipopolysaccharides [5, 6] . Although vaccines and antibiotics are two major methods of controlling APP infection, increasing antibiotic resistance and growing pressure induced by antibiotics have restricted their clinical application [2] . Therefore, the development of effective vaccines is necessary to prevent this important disease.
Although various vaccines such as whole-cell bacterins, recombinant subunit vaccines, and live attenuated vaccines had been studied [7] [8] [9] [10] , complete protection could not be achieved yet to control the infection. Among traditional vaccine designs, protein subunit vaccines have been considered to be the most attractive vaccine candidate due to the minimal side effects in comparison with the live attenuated vaccines and inactivated vaccines. However, they are deficient in evoking long-lasting immune response unless when administered with adjuvants [11] . Immunization with protein antigens alone failed to elicit T cell-dependent immune response unless these antigens are administered with adjuvants to completely activate T cells, which depend on the recognition of co-stimulators on antigen presenting cells (APCs) in addition to antigen. Adjuvants can stimulate APCs to produce co-stimulators such as CD80 and CD86 for full T-cell activation as second signals [12] .
Outer membrane vesicles (OMVs) are naturally occurring bi-layered, nanospherical structures that are constitutively released by all species of Gram-negative bacteria during their normal growth both in vivo and in vitro [13] [14] [15] . As OMVs bud from the cell envelope of bacteria, they are composed of proteins, lipids, and glycans derived from the outer membrane and periplasm [13] . Except for that, vesicles produced by some bacteria harbor DNA fragments derived from the chromosome and plasmids as well as RNA [16, 17] . Due to being packaged into OMVs, these cargo molecules evade dilution and degradation and can be delivered in long distance, which may be one of the fundamentals of the interaction between bacteria and host [16, 18] . In particular, toxins and extracellular enzymes packaged into OMVs can be delivered to host cells due to the ability of OMVs to be taken up by mammalian cells. Also, OMVs have been reported to participate in gene transfer, including the example of the transfer of antibiotic resistance by DNA in OMVs [19] . It suggests that OMVs play an important role in the evolution of bacteria in a mixed microbial environment [20] . In addition to the above functions, OMVs are also an overlooked component of the matrices of biofilms. For example, the presence and frequency of OMVs in Pseudomonas aeruginosa biofilms generated in diverse model systems and growth conditions has been demonstrated [21] , and this is consistent with the findings in other bacteria. Thus, OMVs may contribute to bacterial resistance to antibiotics and environmental stress by participating in biofilm formation.
OMVs present a range of surface antigens derived from parental bacteria and have natural properties like immunogenicity, self-adjuvation and uptake by antigen presenting cells [22] , in addition, owing to the presence of LPS and other pathogen-associated molecular patterns (PAMPs), OMVs are significant activators of host innate and acquired immune response pathways [23] , so they can evoke humoral and cell-mediated immune responses in the host, indicating the possibility of using OMVs as vaccines against diverse pathogenic agents. Indeed, an OMV-based vaccine against serogroup B meningococcal disease has been licensed and successfully used for epidemic control, particularly in the Netherlands and Norway [24, 25] . Proven safety and efficacy records of the OMV-based vaccine demonstrate that OMVs can be used as vaccines to provide protective immune response and present the possibility of employing OMVs for the delivery of foreign antigens. Since the export of ClyA, a proteinaceous hemolysin expressed by E. coli, was found to be associated with OMV formation [26] , increasingly more studies have shown that OMVs could be employed as a platform to deliver heterologous protein antigens of interest to confer dramatically protective efficacy utilizing ClyA as a fusion partner [27, 28] .
GalT was identified as a preferentially expressed antigen during APP infection using in vivo-induced antigen technology. It has been demonstrated that GalT possesses potent immunogenicity and immune-protective efficacy, which can be considered as a potential vaccine candidate [29] [30] [31] . However, the subunit vaccine based on GalT needs protein purification and has to be administrated with adjuvants, which are time-consuming and costly. Therefore, in this study, we employed the well-characterized OMV delivery system to carry the GalT protein, with the aim of developing a convenient and efficient vaccine candidate.
Materials and Methods

Animals and Ethics Statement
Six-to-eight-week female BALB/c SPF mice (18-22 g) were purchased from Chengdu Dossy Experimental Animal Co., Ltd. The animal experiments were conducted in strict accordance with the recommendations in the China Regulations for the Administration of Affairs Concerning Experimental Animals (1988) and had been approved by the Institutional Animal Care and Use Committee of Sichuan Agricultural University (Approval Number BK2014-047), Sichuan, China.
Bacterial Strains, Medium, and Culture Conditions E. coli DH5α (Biomed, China) was used for cloning of recombinant plasmids, and E. coli JC8031 (K12 ΔtolRA) strains were used to produce the recombinant OMVs displaying GalT protein encoded by the expression vectors pBAD18-Cm. E. coli BL21 producing recombinant GalT protein was constructed in our previous study [31] . APP L20 (serovar 5b reference strain) and E. coli K-88ac31 were purchased from the China Institute of Veterinary Drug Control (China). All E. coli strains were cultured in Luria-Bertani (LB) medium. APP L20 strains were cultured in Trypticase Soy Broth (TSB) (DIFCO Laboratories, USA) with 10% (v/v) fetal calf serum (FBS; SIJIQING, China) and nicotinamide adenine dinucleotide (NAD; 15 μg/ml) at 37 o C.
Plasmid Construction for OMVs Displaying GalT
The recombinant plasmid was constructed as described previously [32] . To express ClyA::GalT fusion protein, a lowcopy-number integrative vector, pBAD18-CM, was engineered to express the fusion proteins. Initially, the clyA was amplified from E. coli K-88ac31DNA. The PCR product was then digested by SacI and XbaI enzymes, and then cloned into a pBAD18-CM vector to make pBAD-ClyA. Primers targeting the galT were used on APP L20 DNA, and this product was then digested by XbaI and SalI and ligated into the pBAD-ClyA construct to make pBAD-ClyAGalT. Primers used for amplifying the clyA/galT genes were shown in Table 1 .
pBAD-GalT was electroporated into JC8031, and the transformants were selected on LB chloramphenicol medium.
Preparation of OMVs
OMVs were prepared as previously described with minor modifications [11, 28] . Briefly, E. coli JC8031 colonies were picked up and grown over in an LB medium supplemented with chloramphenicol (25 μg/ml). The overnight cultures were diluted 1:50 in LB medium contacting chloramphenicol and grown up to an optical density (OD600) of around 0.5 before the addition of Larabinose (0.2% w/v) for inducing protein expression. The culture supernatant was harvested by centrifugation after 20 h of induction. The culture was centrifuged at 5,000 ×g for 15 min, and then the supernatant was filtered through a 0.22-μm membrane twice and concentrated by ultrafiltration using a column with a 100,000KD nominal molecular weight cutoff (100,000 NMWC, Millipore). The concentrate was ultra-centrifuged at 120,000 ×g for three h at 4°C (Beckman Coulter, SW32Ti Rotor). The pellet containing OMVs was resuspended in phosphate-buffered saline (PBS; 0.02 mol/l phosphate buffer with 0.15 mol/l NaCl at pH 7.4) and then filtered through a 0.22-μm membrane again, vesicles were checked for live-cell contamination by plating 20 μl of preparation onto LB agar plates, then stored at -80 o C. The concentration of total protein was determined by BCA Protein Assay Kit (Beyotime, China) according to the manufacturer's instructions.
The GalT-OMVs were visualized using electron microscopy as described [28] . Briefly vesicles were negatively stained with 2% phosphotungstic acid on 400-mesh, Formvar carbon-coated copper grids and viewed in a FEI Tecnai G2 F20 transmission electron microscope.
Identification and Characterization of Engineered OMVs Displaying GalT
Expression of the ClyA-GalT fusion protein and its content in OMVs were analyzed by SDS-PAGE and detected by western blotting. Briefly, samples were separated by SDS-PAGE and then transferred to a nitrocellulose membrane. The anti-His tag monoclonal antibody was used as a primary antibody at a 1:5000 dilution (Abmart, China), and horseradish peroxidase (HRP)-coupled goat anti-mouse IgG (Bioss, China) was used as a secondary antibody at a 1:5000 dilution. The blots were developed with an ECL substrate (Bio-Rad, USA). Optical densities of the stained protein bands in SDS-PAGE were scanned to analyze the relative concentration of ClyA-GalT in recombinant OMVs using Image Lab software (Bio-Rad). The overexpressed protein band in SDS-PAGE was dug out for tandem mass spectrometry MALDI-TOF-TOF analysis to identify the correct expression of ClyA-GalT fusion protein and the OMVs were observed and imaged using a transmission electron microscope (Hitachi) to analyze their morphology.
Immunization and Challenge
For active immunization, six-to-eight-week mice (8 per group) were divided randomly into five groups and one group was vaccinated by subcutaneous injection with 50 μg of GalT-OMVs. The control mice received empty OMVs (without target gene), purified GalT protein alone, purified GalT protein emulsified in Freund's adjuvant as a positive control and 100μL PBS buffer as a negative control, on the same program, respectively. The primary and booster immunizations were performed on day 0 and 14. On day 28, all mice were challenged intraperitoneally with a lethal dose of APP L20 (2.5 × 10 7 CFU). Blood samples were collected before the challenge.
For passive immunization, another five groups of eight-weekold SPF mice (8 per group) were administrated intraperitoneally with 100 μl of pooled serum collected from the immunized mice 2 h before the challenge with APP L20. The animals were intensively monitored daily after the challenge for the presence and severity of respiratory symptoms and general illness or mortality. All the challenged mice were euthanized seven days post challenge.
Humoral Immune Response
Polystyrene microtiter 96-well plates (Costar; USA) were coated Table 1 . Primers used to amplify and clone E. coli ClyA sequences and APP galT gene sequences.
The underlined portions of the primer sequences were the restriction enzyme cutting sites (ClyA-F (forward): SacI; ClyA-R (reverse): XbaI; galT-F: XbaI; galT-R: HindIII).
with purified recombinant GalT (2.5 μg/ml in 0.02 M carbonatebicarbonate buffer, pH 9.6), and each well was coated with 100 μl of diluted protein and incubated overnight at 4 o C. The plates were blocked with 3% skim milk at 37 o C for 1.5 h then washed three times using PBST buffer (250 μl/well; Solarbio, China). Serum samples were serially diluted 2-fold in blocking buffer in a range of 10
, and added to the wells (100 ul) and incubated 1 h. The plates were then washed three times. Horseradish peroxidase (HRP)-labeled goat anti-mouse IgG was diluted (1:5000) with PBST buffer and added (100 μl) onto plates for incubation at 37
Lymphocyte Proliferation Assay and Detection of Cytokines
Lymphocyte proliferation assays and cytokine detections were performed as previously described with minor modifications [33, 34] . Two weeks after booster immunizations, spleen lymphocytes from mice in each group were separated and cultured. Briefly, spleens were isolated aseptically and processed by gentle disruption using sterile stainless-steel screens and the rubber seal of a disposable syringe. Splenocytes were suspended in Hank's balanced salt solution (HBSS; Hyclone, USA). Red Blood Cell Lysis Buffer (Solarbio, China) was added to remove erythrocytes, and cell suspensions were centrifuged for 5 min at 300 ×g. The erythrocyte-free cells were washed three times with HBSS and then resuspended in complete RPMI medium (Gibco, USA). Cell counting was performed, and 100 μl of cells were added (1 × 10 5 cells) into 96-well culture plates (Costar, USA). The cells were stimulated with the recombinant GalT proteins (5 μg/well) or concanavalin A (ConA; Solarbio, China) and incubated for 72 h at 37 o C in a 5% CO 2 incubator. Lymphocyte proliferation assays were performed using the MTS reagent with a cell proliferation kit (Promega, USA), as per the manufacturer's instructions. The lymphocytes were incubated in 96-well culture plates with MTS reagent for 4 h, and the absorbance was measured at 490 nm using an ELISA reader. To determine the expression of cytokines, the supernatants from cell cultures were harvested after 72 h and stored at −80 o C. The levels of IL-2, IL-4, and IFN-γ were determined in culture supernatants using an ELISA kit (Neobioscience, China), as per the manufacturer's instructions.
Histopathologic and Immunohistochemical Analyses
Lung tissues of animals from different groups were harvested and fixed with 10% neutral formalin for histopathology and immunohistochemical (IHC) analysis. Fixed tissues were sectioned at 5 μm thickness and embedded in paraffin wax, then HE-stained for evaluation of histopathology using an Olympus DP71 microscope (Olympus, Japan). In IHC analysis, the sections were processed as previously described [35] . Rabbit anti-mouse myeloperoxidase (MPO) monoclonal antibody was used for IHC staining to analyze neutrophils infiltration in lung tissues from different groups. The stained IHC sections were photographed in 200 × magnification and analyzed by Image-Pro Plus 6.0 software, while the integrated optical density (IOD) of each photo was determined as a positive index.
Statistical Analysis
All experimental data were expressed as mean ± SD and analyzed by GraphPad Prism version 5.0 (GraphPad Software, CA). The differences between the two groups were analyzed using Student's t-test, and the differences among the three groups or above were analyzed using the two-way ANOVA. P-values of < 0.05 were considered as statistically different and were represented with an asterisk. P-values of < 0.001 were represented by two asterisks.
Results
Recombinant E. coli Strain JC8031 Produced OMVs Delivering GalT Protein
The whole cell sample of recombinant E. coli JC8031 showed an obvious overexpressed band of approximately 75KD after induction with L-arabinose in comparison with a pre-induction sample (Fig. 1A) . Western blotting showed that the whole cell sample after induction had a specific band, which was absent in the sample of pre-induction (Fig. 1B) . Furthermore, tandem mass spectrometry confirmed the overexpressed band as ClyA-GalT fusion protein (data not shown). An electron microscopy image showed the spherical bilayer structure of OMVs, and the results showed that the outer membrane vesicles were successfully isolated with a diameter of about 20-150 nm, which is consistent with the literature reports, indicating that the introduction of the heterologous protein did not cause the outer membrane changes in vesicle morphology (Fig. 2) . Also, compared with empty OMVs, recombinant GalTOMVs had a specific band, demonstrating that the GalT protein was successfully introduced into OMVs (Fig. 3) .
GalT-OMVs Elicited a Humoral Immune Response
Two weeks after the booster immunization, blood samples were collected from each mouse to detect the specific antibody titers (Fig. 4) . Results showed that immunization with 50 μg of recombinant GalT-OMVs elicited a specific antibody titer up to 1 × 10
5
, which is comparable to the antibody titer elicited by immunization with 50 μg of purified GalT protein mixed with adjuvants (up to 2 × 10 Additionally, groups immunized with empty OMVs and PBS control failed to elicit detectable specific antibody titers.
GalT-OMVs Mediated a Cellular Immune Response
After stimulation with purified recombinant GalT protein, both groups immunized with GalT-OMVs and GalT mixed with adjuvants exhibited a significant proliferative splenocytes response, while the GalT-only and vesicleimmunized groups showed no significant difference with PBS control. Similarly, strong lymphocyte proliferation was detected in each group when stimulated with ConA as a positive control (Fig. 5) .
On the other hand, the levels of all three cytokines secreted in the GalT-OMV group were significantly higher than in the control groups, especially the IFN-γ. Meanwhile, in the IgG titers were determined using indirect ELISA coated with purified recombinant GalT protein. The titer was defined as the absorbance of the highest dilution at 450 nm which was at least 0.1 above that of the background wells in which serum samples were replaced with PBS.
GalT+adjuvant group, the level of IL-4 was remarkably increased compared to the other two cytokines (Fig. 6 ).
OMV-GalT Protein Protects Mice from APP Challenge
As the results of vaccination and challenge experiments showed, in active immunization, susceptible/untreated mice showed severe clinical signs (labored respiration) after the APP challenge was administered. All the mice in the PBS control group died within 48 h after a lethal challenge with APP L20. Immunization with GalT-OMVs and GalT mixed with adjuvants provided 87.5% and 100% protection, respectively. Nevertheless, only 37.5% of mice immunized with GalT protein alone survived. As a carrier control, the survival rate of the empty OMV group was 25%, indicating that OMVs derived from E. coli may provide cross-protection against APP infection to some extent (Fig. 7A) . In passive immunization, all the mice receiving the administration of antisera elicited by PBS and empty OMVs died after the challenge with APP L20. 50% and 62.5% of mice immunized passively with antisera from GalT-OMVs and GalT mixed with adjuvants were protected from the lethal APP L20 challenge, respectively (Fig. 7B) .
GalT-OMV-Vaccinated Animals Showed Less Severe Pathological Signs in Lung Tissues
After the APP L20 challenge, lung tissues of mice from the PBS, GalT alone and empty OMV groups showed severe lesions. Structures of pulmonary alveoli were damaged and accompanied by the infiltration of inflammatory cells.
The lung parenchyma was edematous, and expansion and congestion widely existed in the alveolar wall capillaries (Figs. 8B-8D ). On the other hand, lung tissues from mice immunized with GalT-OMVs or GalT mixed with adjuvants did not appear to have significant pathological changes compared with normal control (Figs. 8E, 8F ). These results indicated that immunization with recombinant GalTOMVs prevents pathological changes following challenge infection with APP and confirms that GalT-OMVs induce immune-protection against infection of APP in mouse. Splenocytes of mice two weeks after booster immunization were isolated and stimulated with recombinant GalT protein and ConA. Levels of lymphocyte proliferation in each group were detected using an MTS method and the results shown as absorbance at 490 nm. 
GalT-OMVs Prevented APP Secondary Inflammatory Response
As the IHC analysis results of neutrophils showed, IOD of the GalT-OMV group was not significantly different compared with the normal group, as well as the GalT mixed with adjuvants group. However, the IOD of the groups immunized with PBS, GalT alone and empty OMVs was significantly higher than that for the normal group, indicating that GalT-OMVs prevented secondary inflammatory reactions and the release of toxins caused by APP colonization in the lungs after the challenge with L20 (Fig. 9) .
Discussion
Vaccines play an important role in human and animal health in the fight against infectious diseases. Highefficiency vaccines that stimulate the body to produce longlasting protective immunity have the necessary conditions, such as fitting proportion, presence of pathogen-associated molecular patterns, ability antigens that stimulate the production of pathogen-specific immunity, and capacity stimulation of T-cell immune responses [36] . OMVs follow these characteristics. At present, studies have explored the natural OMVs secreted by Haemophilus parasuis, which belongs to the genus Pasteurella, and preliminary investigation explored its potential as a vaccine [37] . Immunization of protein as an antigen alone does not activate T cells, so the presence of costimulatory molecules is required. Freund's adjuvants commonly used components that stimulate antigen-presenting cells (APC) to produce costimulatory factors, such as inactivated Mycobacterium. When OMV presents GalT, it can act as an adjuvant and be swallowed by immune cells. LPS and other components on the surface can stimulate APC to produce costimulatory molecules, so GalT and costimulatory molecules are simultaneously presented to T cells to stimulate T-cell activation.
OMV vaccine is a popular research subject for future vaccine development because of its safety as a lifeless nonreplicating vaccine and high immunogenicity with multiple antigens. Studies have shown that OMV vaccines can induce the body to produce a variety of bactericidal antibodies, and has immunoprotective capacity in animal models [38] . A variety of Gram-negative bacteria such as Bordetella pertussis [39] and Neisseria meningitidis have been used to develop new vaccines based on [40] OMVs.
In 2003, Sun [26] reported a new way of secreting protein in the intestinal tract, the OMV-mediated secretion. They found that the secretion of a pore-forming cytotoxin, ClyA, produced by intestinal bacteria does not depend on several traditional secretion systems, but accumulates in the periplasm of the bacteria, then is secreted along with OMVs sprouting from the cell membrane. Subsequently, Cornell's research team attempted to fuse green fluorescent protein (GFP) with ClyA to verify that ClyA could transfer GFP to OMVs [32] . Therefore, we decided to use the vesicle high-yield E.coli JC8031 as an expression bacterium, and fuse ClyA with GalT protein to induce GalT to be in the OMV.
In this study, GalT was delivered by E. coli OMVs, which proved the modification of OMVs could improve the immunogenicity of the protein. In addition, we fused the three important exotoxins ApxI, II, and III, and delivered them with E. coli OMVs, demonstrating the crossprotection ability to different serotypes of APP [41] . Furthermore, research can be extended to the use of OMVs to present antigens from different respiratory pathogens, such as the fusion of important virulence proteins of APP, H. parasuis, and P. multocida presented in the OMVs to explore whether they can be used as a broad-spectrum vaccine against multiple pathogens to generate protection.
Immune protection results have shown an interesting phenomenon. The 50 ug GalT-OMVs should contain a protein concentration of less than 50 ug of pure GalT protein. However, the immune effect is comparable to that of the 50 ug GalT+ adjuvant, and the empty OMV group also has a 25% protective effect. Previous studies have shown that OMVs act as bait for the immune system through multiple redirected inflammatory responses [17] . At the same time, some pathogen-associated molecular patterns (PAMPs) shared by some bacteria on the surface, such as LPS, PNAG, immunomodulatory proteins, bacterial DNA, and host pattern recognition receptor binding (PRR), may be the reason of certain cross-protection [38] . However, the use of an adjuvant as an immunostimulatory factor in combination with a vaccine stimulates the host to produce a stronger immune response against the antigen, but does not itself exhibit any antigenic properties.
In addition, the results of significantly elevated cytokine levels and previously reported OMVs produced by N. meningitidis, B. pertussis or Pseudomonas aeruginosa can stimulate epithelial TLR4 production of cytokines and activate MYD88 and NF-κB pathways to induce inflammatory responses, promoting immune cell maturation, and increased results of INF-γ, IL-4, IL-8 secretion [42, 43] .
A major limitation in the application of OMV vaccines is the presence of lipopolysaccharide (LPS), which is known as an endotoxin. However, it is also very important for the immune-stimulatory effect of OMV and is one of the reasons for the natural adjuvant properties of OMV. The E. coli strain JC8031 used in this study to produce OMVs lacks O-antigen, which is an essential component for LPS. Thus, the adverse effect was reduced by a certain extent where no obvious lesions were found in vaccinated mice after the immunizing dose [11] . Furthermore, LPS toxicity can be reduced by further engineering the structure. It is reported that altering the acetylation structure of lipid A or knocking out the E. coli JC8031 lpxM gene both can significantly reduce LPS virulence [44, 45] . However, further work will continue to detoxify LPS as much as possible to explore the maximum safe immunized dose without decreasing the immune-protective efficacy.
In summary, our study demonstrated that OMVs could display the immune protective antigen GalT of APP and confer protection against APP virulent strain L20. Both humoral and cellular responses were elicited by recombinant GalT-OMVs, in the animal model. Furthermore, compared with purified GalT protein vaccine, recombinant GalTOMVs need only one-step purification and no supplemental adjuvants. We have demonstrated that OMVs can be used as a novel and effective platform to deliver antigens of interest for vaccines to induce immunoprotection. Further work will attempt to display fusion antigens from different porcine respiratory pathogens such as H. parasuis and P. multocida to develop broad-spectrum vaccines.
